We previously demonstrated that vaccination of BALB/c mice with a pool of 13 plasmid DNAs (pDNAs) expressing murine cytomegalovirus (MCMV) genes followed by formalin-inactivated MCMV (FI-MCMV) resulted in complete protection against viral replication in the spleen and salivary glands following sublethal intraperitoneal (i.p.) challenge. Here, we found that following intranasal (i.n.) challenge, titers of virus in the lungs of the immunized mice were reduced approximately 1,000-fold relative to those for mock-immunized controls. We next sought to extend these results and to determine whether similar protection levels could be achieved by priming with a pool of three pDNAs containing three key plasmids (IE1, M84, and gB). We found that the three-pDNA priming elicited IE1-and M84-p65-specific CD8 ؉ T lymphocytes and, following FI-MCMV boost, high levels of virion-specific immunoglobulin G (IgG) and virus-neutralizing antibodies. When mice were i.n. challenged 4 months after the last boost, titers of virus in the lungs of immunized mice were reduced 1,000-to 2,000-fold from those for controls during the peak of viral replication. Additionally, titers of virus were either at or below the detection limits for the salivary glands, liver, and spleen of the majority of the immunized mice. Following sublethal i.p. challenge, virus was undetectable in all of the above target organs of the immunized mice. Virion-specific IgA in the lungs was consistently detected by day 6 post-i.n. challenge for the immunized mice and by day 14 for controls. These results demonstrate the immunity and high levels of protection of the priming-boosting vaccination against both systemic and mucosal challenge.
Human cytomegalovirus (HCMV), an opportunistic herpesvirus, continues to be a highly prevalent causative agent of birth defects (for a review, see reference 47). Between 0.5 and 2.5% of all newborns are infected with HCMV, and of the 5 to 10% that are symptomatic at birth, most develop sequelae, such as microcephaly, sensorineural hearing loss, optic atrophy and chorioretinitis, and motor disabilities. While the serological status of the mother positively correlates with protection of the newborn from disease, recent evidence strongly suggests that prior maternal immunity is not completely protective against neonatal disease from recurrent infection or infection with a different HCMV strain (3, 4, 17) . The ubiquity of HCMV and devastating lifelong sequelae associated with infection make it important to understand the protective mechanisms of host immunity and to develop a safe and effective vaccine.
Findings from studies of HCMV immunity and disease in transplant recipients have highlighted the importance of cellmediated immunity in protecting against HCMV disease (2, 56) , and work with animal models, such as the murine cytomegalovirus (MCMV) model, has allowed elucidation of the protective roles of specific leukocyte subsets (53) . The immediate effect that NK cells have on viral control has been well demonstrated by the impact on MCMV replication and disease that results from depletion of NK cells or NK function (10, 36, 58, 60) . The necessity for the adaptive component of cellmediated immunity, the CD8 ϩ and CD4 ϩ T lymphocytes, to limit the acute, persistent, latent, and reactivating infections has been documented through depletion and adoptive transfer studies (reviewed in reference 52). Immune reconstitution of gamma-irradiated mice with MCMV-specific CD8 ϩ T lymphocytes has been shown to reduce the viral load in the spleen, lungs, liver, and adrenals, while long-term depletion of CD4 ϩ T lymphocytes in infected mice results in persistent infection in the salivary glands (31) . The identity of the specificities of the antiviral CD8
ϩ T cells has long been a subject of interest, since the findings have strong implications for choosing viral antigens to use in antiviral cytoimmunotherapies and vaccines. While the identity of the immunodominant peptide of the immediate-early 1 (IE1) gene product and the protective ability of IE1-specific CD8 ϩ T cells in BALB/c mice have long been known (53) , there had also been strong evidence pointing to the existence of CD8 ϩ T cells that were generated against unidentified viral early (E) and late (L) gene products (54) . With the advent of more-reliable methods for the detection and quantification of specific CD8 ϩ T cells, the identities of additional CD8
ϩ -T-cell specificities have been revealed. These include the HCMV UL83-pp65 homologs M83-pp105 and M84-p65, the antiapoptotic gene product M45, the MCMV immunoevasin gene product m04 (gp34), and two additional genes unique to MCMV, m164 and m18 (18, 21, 22, (24) (25) (26) (27) (28) . One common feature of these MCMV genes is their expression at either E or E/L times of infection.
The identification of these E and E/L gene products as CD8
ϩ -T-cell targets was initially somewhat paradoxical due to the known expression of the immunoevasin E genes that encode glycoproteins that block the cell surface presentation or recognition of virus-derived antigenic peptides on MHC class I complexes (52) . The m152 gene product, gp37/40, retains peptide-loaded class I complexes in the endoplasmic reticulumcis-Golgi intermediate compartment, while m06-gp48 reroutes these complexes to the lysosome for degradation (18, 34, 39, 55, 67) . The m04 gene product, gp34, binds to MHC class I complexes without hindering their transport to the cell surface but appears to prevent recognition of the complex by CD8 ϩ T cells (33) . Mutational analysis of the MCMV genome has demonstrated the relative roles of the known immunoevasins in MHC class I downregulation as well as some of the cooperative and competitive interactions among the immunoevasins (32, 59) . In addition, the m152 deletion mutant was demonstrated to be attenuated in T-cell-competent mice (34) , and cells infected with wild-type, but not m152 deletion, MCMV are not recognized by M45-specific CD8 ϩ T lymphocytes (18, 25) . This is a particularly striking result, since M45 has been shown to be a dominant antigen during the acute and memory responses in C57BL/6 mice. This finding has important ramifications for vaccine design, since it was found that cytoimmunotherapy using a specific cytotoxic-T-lymphocyte (CTL) line for this dominant antigen was not effective in limiting viral replication (25) .
An efficacious vaccine against HCMV disease has been an elusive goal for many years, even though many of the antigenic targets of the neutralizing antibody and CD8
ϩ -T-cell responses have been identified (for reviews, see references 5 and 19) . Clinical trials using the tissue culture-passaged Towne strain, which conceivably could induce protective responses against the full complement of viral antigens, was indeed found to induce both neutralizing antibodies and CTLs and provided limited protection against severe disease in transplant recipients and in volunteers given a low-dose HCMV challenge but failed to prevent infection in women exposed to young children shedding HCMV. The envelope glycoprotein B (gB) has been the basis for virus-neutralizing antibody-inducing vaccines, both as a subunit vaccine (with MF59 as an adjuvant) and as a recombinant replication-deficient canarypox vector, ALVAC-CMV(gB). Both vaccines were found in clinical trials to be well tolerated, and although the subunit gB vaccine was found to elicit high levels of HCMV-neutralizing antibodies in seronegative volunteers, ALVAC-CMV(gB) was able to elicit neutralizing antibodies only after subsequent boosting with Towne. Encouraging preliminary results have been obtained after vaccination of seronegative subjects with the pp65-expressing AL-VAC-CMV(pp65) vector, since strong pp65-specific CTL levels were elicited, as well as CTL precursor frequencies similar to those found in HCMV-seropositive subjects. Other vaccination approaches to date that have undergone preclinical testing with mice include plasmid DNA (pDNA) encoding gB or pp65, a peptide of the conserved CD8
ϩ -T-cell epitope of pp65, dense bodies, and more recently a recombinant vaccinia virus Ankara that expresses gB (1, 12, 13, 35, 48, 66) . Because the species specificity of HCMV limits the evaluation of the protective efficacies of these vaccines for mice, we have used the MCMV model to develop and test cytomegalovirus vaccines for their immunogenicity and protective efficacy. We found that intradermal (i.d.) immunization of BALB/c mice with a pDNA expressing the IE1 gene of MCMV elicited CTLs against the defined immunodominant peptide and was able to protect mice against subsequent lethal MCMV challenge and reduce the viral load in the spleen after sublethal intraperitoneal (i.p.) challenge (20) . We subsequently demonstrated that i.d. pDNA immunization with an MCMV homolog of HCMV UL83-pp65, M84, encoding the nonstructural E protein M84-p65 (9, 44) , was similarly protective against splenic viral load and that coimmunization of mice with IE1 and M84 resulted in a synergistic level of protection (45) . i.d. pDNA immunization with the m04 gene, which had been found to encode a D d -restricted CD8
ϩ -T-cell epitope in strain Smith (26) , conferred protection against a range of challenge doses, while a pool of the individually nonprotective putative tegument and capsid genes tested (M32, M48, M56, M69, M82, M83, M85, M86, and M99) together with the nonstructural M112/113-e1 was able to reduce the splenic viral load following low to intermediate challenge doses (46) . The highest level of protection was observed with mice coimmunized with a pool of IE1, M84, and the matrix and capsid genes above, with splenic titer reductions of 10 4 relative to those for mock-immunized controls following short-term challenge (46) . Because even the most efficacious pDNA vaccine was found to reduce the viral load in the salivary glands only by approximately 10-fold, we developed a priming-boosting strategy entailing i.p. boosting the pDNA-immunized mice with formalin-inactivated MCMV (FI-MCMV). We found that i.p. immunization with FI-MCMV elicited high levels of neutralizing antibodies as well as CD8 ϩ T cells specific for the virion-associated antigens and, most importantly, that the mice that were i.d. primed with a cocktail of 13 pDNAs and i.p. boosted with FI-MCMV (with alum as an adjuvant) had undetectable levels of virus in the spleen and salivary glands following i.p. challenge (46) .
In this report, we sought to extend these findings by testing the efficacy of the pDNA/FI-MCMV parenteral vaccine in a mucosal challenge model, since this infection route is important in the horizontal spread of the virus through infected saliva and other bodily fluids (47) . In view of the role of gB in the generation of neutralizing antibodies to the cytomegaloviruses (6), we also evaluated whether inclusion of a gB-expressing pDNA into a simplified pDNA pool consisting only of the synergistically protective IE1 and M84 pDNAs could prime a protective neutralizing antibody response that could be boosted by subsequent immunization with FI-MCMV. Most importantly, we examined whether priming with the IE1, M84, and gB pDNA pool and boosting with FI-MCMV provided protective immunity against both mucosal and systemic challenge. sity of California, San Diego. Mice were allowed to acclimate for 1 week prior to immunization.
NIH 3T3 (ATCC CRL 1658), COS-7 (ATCC CRL 1651), J774A.1 (ATCC CRL TIB-67) macrophages (H-2 d ), and BALB/c mouse embryonic cells were propagated as previously described (7, 46) . MCMV strain K181 was used for all experiments. Salivary gland-derived MCMV (SG-MCMV) and tissue culture-derived MCMV (TC-MCMV) were prepared as previously described (45) . TC-MCMV was partially purified for preparation of FI-MCMV vaccine as described previously (46) and stored at Ϫ80°C, and its final titer was approximately 5 ϫ 10 8 PFU equivalents per ml. Virion for enzyme-linked immunosorbent assay (ELISA) was similarly prepared by pelleting TC-MCMV through a 25% sorbitol cushion in Tris-buffered saline, pH 7.4 (TBS), washing the pellets in Dulbecco's phosphate-buffered saline (DPBS) (Invitrogen/Life Technologies, Inc.), repelleting through a fresh cushion, and resuspending the final pellets in DPBS. The protein concentration of the resultant virion preparation was measured by a Bio-Rad (Bradford) protein assay using bovine serum albumin (Pierce) as a standard, and the titer of the virion was measured by plaque assay on NIH 3T3 cells. The virion remained infectious through the purification (Ͻ20% loss in infectivity after purification) and had a specific infectivity of approximately 10 7 PFU per g of protein.
Glycerol was added to the ELISA virion to a 50% (vol/vol) final concentration, and the preparation was stored at Ϫ20°C.
Plasmid construction and expression. The expression vectors pc3⌬neo and its derivatives pc3-pp89 (IE1) and pc3-M84, as well as the amino-terminal ubiquitin fusion constructs pc3-U-pp89 (U-IE1) and pc3-U-M84, were described previously (65) . The other plasmids comprising the All-U pDNA pool, encoding M32, M48, M56, M69, M82, M83, M99, M85, M86, M112-113 (e1), and m04-gp34, have also been described previously (45, 46) . The M55 open reading frame (ORF) encoding gB of MCMV K181 was subcloned from the pACYC184-derived subgenomic constructs (41) into the expression vector pCMV-int-BL (a gift from Eyal Raz, University of California, San Diego). Expression from this vector is driven by the HCMV major IE promoter-enhancer and contains a 5Ј HCMVderived intron, a 3Ј simian virus 40-derived intron, and a simian virus 40-derived polyadenylation signal. Of note, we had not been successful subcloning the MCMV gB ORF into any mammalian expression vector without the inclusion of at least a 5Ј intron. The full-length gB ORF was subcloned as a BamHI fragment, replacing the vector's tissue plasminogen activator signal sequence from the 5Ј PstI site (blunted and ligated with a BamHI linker) to the 3Ј BamHI site. The DNA sequence of the entire gB ORF in the final vector, designated pCMV-int-BL-gB, was sequenced (University of California, San Diego Cancer Center Core Facility) and found to be identical to our previously published sequence (11) . Plasmids were propagated in E. coli DH5␣, purified by using a QIAGEN EndoFree Mega or Giga column, and resuspended in endotoxin-free 10 mM Tris-HCl (pH 8).
Expression of gB was tested by Western blot following transient transfection of COS-7 cells. Cells were transfected with Effectene (QIAGEN) following the manufacturer's recommendations, and 48 h posttransfection, cell lysates were made in reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) buffer, resolved on SDS-PAGE gels, and electrophoretically transferred to nitrocellulose. As controls, similar lysates of either uninfected NIH 3T3 cells or NIH 3T3 cells infected with MCMV at a multiplicity of infection of 3.5 for 48 h were analyzed on the same gel. To detect gB, blocked blots were incubated with the monoclonal antibody 2E8.12A (a gift from Lambert Loh, University of Saskatchewan, Saskatoon, Canada), and bound antibody was detected using a goat-anti-mouse immunoglobulin G (IgG) horseradish peroxidase conjugate (Calbiochem) and enhanced chemiluminescence (Supersignal West Pico; Pierce).
To detect gB-specific antibodies resulting from the in vivo expression of the gB plasmid following i.d. immunization of mice, the preparative lane of an SDS-10% PAGE gel was loaded with a lysate of MCMV-infected NIH 3T3 cells made 48 h p.i., and resolved lysate proteins were transferred to nitrocellulose as described above. Using a Mini Protean II multiscreen apparatus (Bio-Rad Laboratories), the blot was simultaneously incubated with sera from individual BALB/c mice that were collected either 5 or 10 weeks post-i.d. immunization with either vector or gB pDNA. Bound antibodies were detected by enhanced chemiluminescence as described above.
Immunization and virus challenge. In the first (All-U pDNA pool) experiment, plasmids were diluted in endotoxin-free 10 mM Tris-HCl (pH 8)-buffered saline such that mice were immunized with either 26 g of either empty vector DNA (pc3-Ua) or 26 g of the All-U pDNA cocktail (46) 50 ]) of SG-MCMV. In the second (three-pDNA pool) experiment, mice were immunized three times within 2 weeks with 30 l containing either 15 g of pc3⌬neo or a cocktail containing 5 g each of pc3-pp89, pc3-M84, and pCMV-int-BL-gB. At 4 and 9 weeks after the last i.d. pDNA immunization, the pc3⌬neo-immunized mice were i.p. boosted with 0.2 ml containing PBS plus alum, and the three-pDNA immunized mice were i.p. boosted with FI-MCMV plus alum as above. At 19 or 20 weeks after the last i.p. boost, half of the mice from each immunization group were i.n. or i.p. challenged, respectively, as described above.
Virus titration. On days 6, 10, 14, 18, 24, and 32 post-i.n. challenge or days 6, 10, 14, and 18 post-i.p. challenge, four to six mice per immunization group were sacrificed and the spleen, lungs, liver, and salivary glands were aseptically removed and washed with DPBS. Homogenates were made of each organ (10% [wt/vol] for spleen, salivary glands and lungs; 20% for liver) in Dulbecco's modified Eagle medium plus 10% bovine calf serum (Life Technologies) plus 10% dimethyl sulfoxide and stored at Ϫ80°C in three separate aliquots. The titer of infectious MCMV in each organ was determined by plaque assay, using NIH 3T3 cells in 24-well dishes as previously described (20) . If the level of virus in a homogenate was at or below five times the limit of detection, another aliquot of the homogenate was subjected to a more sensitive plaque assay (46) . NIH 3T3 monolayers in 10-cm dishes were infected with either 100 l of spleen, liver, or lung homogenate or 20 l of salivary gland homogenate. By using exogenously added virus in this assay, these volumes were found to be the maximal for detection of virus without the target cells being inhibited by the toxicity of the organ homogenate. The limits of sensitivity for this assay, therefore, are 10 PFU per spleen or lungs, 30 PFU for liver, and 50 PFU for the salivary glands. The log 10 values of the individual viral titers in each group were determined, and the mean of the log 10 values was calculated. If virus was undetectable in a given organ in all of the assays, the individual titer of virus for that organ was arbitrarily set to the log 10 of one-half the respective detection limit for display purposes and mean calculation.
Intracellular cytokine staining (ICS) assay. Ten days after the last pDNA immunization, four mice from each immunization group were sacrificed and the splenocytes were prepared for the measurement of pp89-and M84-p65-specific CD8 ϩ T lymphocytes by ICS assay as described previously (64, 65) . Briefly, following the removal of erythrocytes, splenocytes were incubated with brefeldin A (GolgiPlug; PharMingen) and either a 1 M concentration of the dominant nonapeptide epitope of IE1 ( 168 YPHFMPTNL 176 ) or J774A.1 macrophages infected for 10 h with an M84-expressing recombinant vaccinia virus, M84-vacc (45) , at a 1:6 stimulator-to-responder ratio. After incubation, splenocytes were stained with anti-CD8 and anti-gamma interferon (IFN-␥) fluorescent monoclonal antibody conjugates as described previously. The lymphocytes were gated, and the dually stained splenocytes were enumerated by Epics Elite flow cytometer (Beckman Coulter) at the Flow Cytometry Core, VA Medical Center, La Jolla, Calif.
Quantification of virion-specific IgG, IgA, and virus-neutralizing antibodies. Blood samples were collected retroorbitally from the immunized mice on weeks 14, 17, and 20 in the first (All-U pDNA pool) experiment and on weeks 4, 10, 24, and 30 in the second (three-pDNA pool) experiment, and sera were prepared and stored at Ϫ20°C until analysis. Virion-specific serum IgG levels were measured by indirect ELISA as follows. The partially purified, intact TC-MCMV as prepared above was diluted in PBS plus 0.05% (wt/vol) sodium azide and adsorbed to Nunc Maxisorp F96 plates (0.1 g of virion protein in 50 l of PBS plus 0.05% [wt/vol] sodium azide per well) overnight at 4°C. Virion-coated plates were subsequently washed with TBS using a Wellwash II Mk4 plate washer (Thermo Labsystems) and incubated with 100 l of blocking buffer (TBS plus 5% [vol/vol] bovine calf serum) for 1 to 2 h, with all incubations at room temperature. Serial dilutions of sera in blocking buffer (1:16 initial dilution and 1:4 subsequent dilutions) were incubated in the blocked wells for 1 h with shaking at 220 rpm. Plates were washed six times with TBS, 50 l of goat antimouse IgG (whole molecule)-alkaline phosphatase conjugate (Sigma A-3562) diluted 1:10,000 in blocking buffer was added, and the plates were incubated for 1 h with shaking.
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Following TBS washes as described above, 75 l of a freshly prepared p-nitrophenyl phosphate (p-NPP) solution (Sigma FAST, N-2770 and N-1891) was added and the plates were incubated for 1 h. Absorbance at 405 nm (A 405 ) was measured in a Bio-Rad model 405 microplate reader, and the ELISA titer of each serum was defined as the highest reciprocal dilution that resulted in an A 405 of Ն0.195 (twice the background level.) Virion-specific IgA was measured in the lung and salivary gland homogenates post-i.n. challenge by ELISA as described above with the following modifications. Virion-coated plates were blocked with TBS plus 2% (wt/vol) bovine serum albumin (United States Biochemical no. 10857), and homogenates that were serially diluted in this blocking buffer (1:4 initial dilution and then either 1:2 subsequent dilutions for lungs or 1:3 subsequent dilutions from salivary glands) were incubated in the blocked plates for 2 h with shaking. After washes in TBS as described above, 50 l of goat-antimouse IgA (␣-chain specific)-alkaline phosphatase conjugate (Sigma A-4937) diluted 1:1,000 in blocking buffer was added to each well and plates were incubated for 1 h as described above.
SG-MCMV neutralizing-antibody titers were measured by plaque reduction assay as previously described (46) . Neutralization titers were defined as the highest reciprocal serum dilution that resulted in a Ն50% reduction of the number of input PFU (ca. 50 PFU).
RESULTS
Protection of mice primed with All-U pDNA and boosted with FI-MCMV against viral replication after sublethal i.p. or i.n. challenge. Our previous work evaluating the efficacy of i.d. pDNA immunization against MCMV showed that optimal protection against viral replication in the spleen was observed following immunization with a pDNA cocktail containing equal masses of pDNAs expressing the 13 MCMV genes m04, M32, M48, M56, M69, M82, M83, M85, M86, M99, e1, U-IE1, and U-M84, with U representing amino-terminal ubiquitin fusion with the MCMV gene. Vaccination with this pDNA vaccine, designated All-U, resulted in four log 10 reductions in the levels of infectious virus in the spleen relative to levels for vector-immunized controls following short-term i.p. challenge (46; also data not shown). When All-U pDNA-primed mice were subsequently i.p. boosted with 10 7 PFU equivalents of FI-MCMV adsorbed to alum adjuvant, no infectious virus was detectable in the spleen (Ͻ10 PFU per spleen) or salivary glands (Ͻ100 PFU per salivary glands) following i.p. challenge (46) . We next sought to examine the efficacy of i.d. All-U pDNA priming and i.p. FI-MCMV boosting in conferring longterm protection against both i.p. and mucosal i.n. MCMV challenge.
To test for protection, two groups of BALB/c mice were i.d. primed with either empty vector pDNA (pc3-Ua) or the All-U pDNA cocktail (see Fig. 1 for immunization groups and timeline). Starting at 3 weeks after the last pDNA priming, the pc3-U vector-immunized mice received two i.p. boosts with PBS plus alum, while the All-U pDNA-primed mice received 10 7 PFU equivalents of FI-MCMV plus alum. Blood was collected retroorbitally three times in the subsequent 12 weeks leading up to the challenge, and sera were prepared for antibody analyses. As antibody controls, two additional groups of mice were immunized with 2.5 ϫ10 4 PFU of TC-MCMV given either i.p. or i.n. on week 1 of the experiment ( Fig. 1 ) and bled with the mice above. Thirteen weeks after the last i.p. boost with either PBS plus alum or FI-MCMV plus alum, one-half of the immunized mice were i.p. challenged with 4 ϫ 10 5 PFU (0.5ϫ LD 50 ) of SG-MCMV, while at 14 weeks the other half were i.n. challenged with 5 ϫ 10 5 PFU of TC-MCMV. Four to five mice from each immunization and challenge group were sacrificed on days 6, 10, 14, and 18 postchallenge to determine levels of infectious virus in key target organs: the lungs, salivary glands, spleen, and liver.
In order to measure the levels of virus-specific IgG in the serum after immunization with the MCMV pDNAs or FI-MCMV, we developed and optimized an ELISA for MCMV antibodies (see Materials and Methods). Plates were coated with intact, partially purified TC-MCMV in order to detect antibodies to only virus structural antigens, since these levels would likely correlate more closely with neutralization than would nonstructural antigens, such as IE1 and m04-gp34, that elicit antibody responses from MCMV infection (46; also data not shown). When the virion-specific IgG levels elicited by All-U pDNA priming and FI-MCMV boosting (All-U plus FIϩalum) were measured, we found that at 6 weeks following the last boost (week 14) , six of six mice tested had seroconverted with a mean ELISA titer 2.5 logs above the background levels in the vehicle-only (pc3-U plus PBS plus alum) control FIG. 1. Immunization groups and schedule for mice primed with All-U pDNA and boosted with FI-MCMV. Two groups of BALB/c mice were i.d. immunized on the weeks shown with 26 g of either empty vector DNA (pc3-Ua) or the 13 DNA cocktail All-U (2 g each of m04, M32, M48, M56, M69, M82, M83, M85, M86, M99, e1, U-IE1, and U-M84 DNAs). On the weeks shown, the pc3-Ua-immunized mice were then i.p. boosted twice with PBS plus alum, while the All-U-immunized mice were boosted with 10 7 PFU equivalents of FI-MCMV plus alum. As controls, two additional mouse groups were immunized on week 1 with 2.5 ϫ 10 4 PFU of TC-MCMV given either i.n. or i.p. Sera were obtained on the weeks shown for antibody analysis, and mice were then challenged either i.n. or i.p. as shown. Mice were sacrificed postchallenge for virus titer determinations in the spleen, lungs, liver, and salivary glands. mice ( Fig. 2A) . These levels remained high over the next 6 weeks leading up to challenge, with the sera of all six mice reaching a plateau of approximately 3 logs above background. As seen in Fig. 2A , this level is approximately 1 log higher than the plateau levels observed following i.n. or i.p. infection with 2.5 ϫ 10 4 PFU of live TC-MCMV. We previously demonstrated that i.p. boosting with FI-MCMV resulted in virus-neutralizing antibodies in the serum. In the experiment shown in Fig. 2B , we found that 6 weeks after the last FI-MCMV boost, six of six mice had detectable virus-neutralizing antibodies, with a mean titer of 2.7 and a range of 1 to 4 (Fig. 2B) . The mean neutralization titer increased to a plateau by 9 weeks after the final FI-MCMV boost (mean, 4.3; range, 3 to 7). These levels are consistent with those observed in the previous experiment (46) and remained stable until 12 weeks after the final FI-MCMV boost. As expected, no virus-neutralizing activity was seen with the vectorimmunized controls (pc3-U plus PBS plus alum). Mice that had been i.n. infected with live TC-MCMV had higher levels of neutralizing antibodies after infection than the All-U-and FI-MCMV-immunized mice (Fig. 2B) , with a mean level of 3.5 (range, 2 to 4) starting on week 14 (13 weeks p.i.) and reaching a plateau level of 6 (range, 5 to 7) on week 17. Mice i.p. infected with TC-MCMV had mean neutralization titers of approximately 4 to 5 (range, 3 to 6) on the weeks tested.
To determine the protective efficacy of the All-U pDNA prime and FI-MCMV boost, half of the immunized mice were i.p. challenged with 4 ϫ 10 5 PFU (0.5ϫ LD 50 ) of SG-MCMV 13 weeks after the last boost with FI-MCMV. We subsequently sacrificed four to five mice per group on days 6, 10, 14, and 18 postchallenge. Spleen, liver, lungs, and salivary glands were harvested, and infectious virus was quantified by a sensitive plaque assay on NIH 3T3 cells. Following i.p. challenge, MCMV replicates first in organs such as the spleen, liver, and lungs and subsequently in the salivary glands. In the spleens of the pc3-Ua-primed and PBS plus alum-boosted controls, there was a mean MCMV titer of 10 5.3 PFU/spleen on day 6 postchallenge and no detectable virus on day 10 (Ͻ10 PFU/spleen), followed by spurious low levels of virus thereafter (Fig. 3A) , indicating that most of the vector-immunized control mice were able to control viral replication by day 10 postchallenge. Although a minor, secondary peak in viral replication has previously been documented in the spleen following i.p. infection (42) , virus was only spuriously detected in this immunization experiment. In contrast, no virus was detectable in the spleens of all of the All-U pDNA-primed and FI-MCMV-boosted mice on all four days examined. Virus persisted in the livers of controls at a level of 10 3 PFU per liver, with a decrease to 10 2 PFU per liver seen on day 10 postchallenge (Fig. 3B ). In the lungs of the control mice, approximately 10 3 PFU per lungs was detected on day 6 postchallenge, with virus detectable in 11 of 15 mice through day 18 postchallenge (Fig. 3C) . In contrast, none of the All-U pDNA-primed and FI-MCMVboosted mice had detectable virus in the liver (Ͻ40 PFU per liver) (Fig. 3B ) or in the lungs (Ͻ10 PFU per lungs) (Fig. 3C ). In the salivary glands after i.p. challenge, 13 of 19 of the All-U pDNA-and FI-MCMV-immunized mice had undetectable levels of virus (Ͻ50 PFU per salivary glands) and 4 had viral titers near the level of detection (Fig. 3D) . In contrast, the control mice had mean viral titers of approximately 10 6 PFU per salivary glands from day 10 to day 18 postchallenge (Fig. 3D) . Of note, the variance of viral titers was high in many of the mouse groups in this experiment. We have observed that in immunization experiments in which mice are housed for periods of 6 Mice from each group vaccinated with either pc3-Ua plus PBS plus alum (two mice per group), All-U pDNA plus FIϩalum (six mice per group), or live TC-MCMV given i.n. or i.p. (four mice each per group) were bled on weeks 14, 17, and 20 of the experiment, and sera were prepared. (A) The levels of virion-specific IgG in serum were measured by ELISA as described in Materials and Methods. Results are represented as the log 10 of individual mouse titers (closed circles) and the group mean of the log 10 titers (bars). (B) Virus neutralization antibody levels in the sera were measured by in vitro neutralization assay as described in Materials in Methods. Neutralization titers shown are log 2 of the highest reciprocal serum dilution that resulted in a Ն50% reduction of the number of input PFU (ca. 50 PFU). Mean log 2 and individual log 2 titers are shown as in (A). When the ELISA or neutralization titer of a serum was below the detection limit (indicated by horizontal line), the titer was arbitrarily set to the log 10 or log 2 , respectively, of one-half the detection limit for display purposes and mean calculation. Parenthetical numbers indicate the number of sera in a group with identical titers.
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IMMUNIZATION AGAINST MUCOSAL MCMV CHALLENGE 163 months or more prior to challenge, the variability of challenge virus levels in the target organs increases substantially, even in nonimmune mice (46, 65) . Therefore, each titer of virus is individually plotted so that the overall trends of protection within an experiment can be assessed with each target organ over all of the time points examined. Fourteen weeks after the last FI-MCMV boost, the other half of the immunized mice were i.n. challenged with TC-MCMV. Pilot i.n. infections with TC-MCMV and pelleted and resuspended SG-MCMV demonstrated that TC-MCMV administration resulted in higher levels of infectious virus in the lungs (data not shown). We found that following i.n. challenge with TC-MCMV, the lungs of the control-immunized mice had mean titers of virus of 10 5.2 PFU on day 6 postchallenge, and this level decreased to 10 3.3 PFU over the next 12 days postchallenge (Fig. 4A) . The lungs of mice immunized with All-U pDNA and FI-MCMV had a mean viral titer of 10 1.8 PFU on day 6, a level nearly 3,000-fold below that for controls. Thereafter, challenge titers of virus in the lungs of the All-U pDNAand FI-MCMV-immunized mice decreased on days 14 and 18 to levels such that 7 of the 10 mice tested had undetectable virus in the lungs, with the remaining 3 mice having titers at or below 10 2 PFU (Fig. 4A ). As seen in Fig. 4B , the salivary glands of the control mice had peak levels of challenge virus of 10 5.5 PFU on days 10 to 14, while on these days, 7 of 10 of the All-U pDNA-and FI-MCMV-immunized mice had undetectable levels of virus, with the other 3 having levels of 10 2.5 PFU or below. On day 18 post-i.n. challenge, the salivary glands of the All-U pDNA-and FI-MCMV-immunized mice had a slightly increased mean titer of virus of 10 2.7 , with four of five mice showing detectable levels of virus. Following i.n. challenge, virus was undetectable in the spleens of 14 of 20 of the All-U pDNA-and FI-MCMV-immunized mice and in the livers of all 20 of these mice on the 4 days examined (Fig. 4C and  4D ). In the controls, virus was detectable in the spleen and liver on day 6 and then in the livers of 4 of 14 mice thereafter. It should be noted that virus in the spleens of the All-U pDNAand FI-MCMV-immunized mice from days 10 to 18 was detectable in only one of the three aliquots of spleen homogenate, since the initial low-sensitivity plaque assay and the final highly sensitive assay yielded no detectable virus. Because these results differed, the data showing the possibility of viral breakthrough on these days are presented (Fig. 4C, black arrows) . In addition, while one of five control mice on day 10 had Fig. 1) were sacrificed, and the (A) spleen, (B) liver, (C) lungs, and (D) salivary glands were aseptically removed, homogenized, and stored for MCMV titer determination as described in Materials and Methods. Bars and closed circles represent the mean log 10 of the virus titers for each vaccine group and the log 10 viral titers of individual organs, respectively. The horizontal lines show the plaque assay sensitivity limits for each organ as determined by the fraction of the organ homogenate used to infect the NIH 3T3 cells. These limits were chosen as the maximal fraction of homogenate for each organ type that could be used to infect NIH 3T3 cells without the homogenate toxicity inhibiting the plaque formation of 40 PFU of exogenously added MCMV. When virus was undetectable in a given organ, the individual titer of virus for that organ was arbitrarily set to the log 10 of one-half the respective detection limit for display purposes and mean calculation. Note that in panel C, the day 14 pc3-Ua-primed and PBS-plus-alum-boosted group had two mice. ND, not determined.
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MORELLO ET AL. J. VIROL. a low level of virus (log 10 titer of 1.70) in the final plaque assay (Fig. 4C, arrowhead) , the titers for the rest of the samples were consistent for all of the assays. Of the four All-U pDNA-and FI-MCMV-immunized mice with detectable virus in the salivary glands on day 18, three of them also had infectious MCMV in the spleen (Fig. 4C) , while two had virus in the lungs (Fig. 4A) . Together, these results demonstrate that following i.n. challenge, titers of virus in the lungs of the All-U pDNAand FI-MCMV-immunized mice were reduced approximately 10 3 -fold below those in controls, while titers in the salivary glands were reduced approximately 10 4 -fold at the times corresponding to the peak of replication in the mock-immunized controls.
Immunization of mice with a gB, IE1, and M84 pDNA cocktail with or without subsequent boosts with FI-MCMV. Since the above-described experiments showed that the protection was not complete following i.n. challenge and long-term i.p. challenge, we proceeded to determine whether the vaccine could be improved by using for the priming step a DNA cocktail that consisted of the synergistically protective IE1 and M84 genes plus a pDNA that expressed the envelope glycoprotein gB. We chose gB because it is a target of neutralizing antibodies and can confer some protection against a subsequent MCMV challenge when mice are immunized with this gene delivered by vaccinia virus (51) or replication-deficient adenovirus vector (57) .
We subcloned the M55 gene encoding gB from genomic constructs of strain K181 (41) into a mammalian expression vector for pDNA-mediated immunization. Analysis of the putative gB amino acid sequence in the gB plasmid showed it to be identical to the K181 sequence of the previously published M54-M55 region (11) and to have a 1-amino-acid divergence from the gB gene of the K181 SG-MCMV used for challenge (R-to-W mutation at position 811), a mutation that likely occurred during PCR cloning of the M55 gene from the challenge virus (data not shown). To test expression of the gB plasmid, COS-7 cells were transiently transfected with either the gB plasmid or the empty vector. Cell lysates were prepared 48 h posttransfection and subjected to SDS-PAGE and Western blot analysis using the gB-specific monoclonal antibody 2E8.12A, which specifically binds to a single epitope located in the uncleaved polypeptides of gB as well as the carboxy-terminal cleavage product, gp52 (37) . As shown in Fig. 5A , a single 128-kDa immunoreactive band was detected in the cells transfected with the gB-expressing plasmid. For migration comparison, lysates from MCMV-infected NIH 3T3 cells were resolved on the same gel. The corresponding 128-kDa gB precursor band was specifically detected in the infected NIH   FIG. 4 . Protection against viral replication in the target organs of All-U plus FIϩalum-vaccinated mice following i.n. MCMV challenge. On the days post-i.n. challenge shown, four to five mice per vaccine group (as described in the legend to Fig. 1) were sacrificed, and the (A) lungs, (B) salivary glands, (C) spleen, and (D) liver were removed, homogenized, and stored for MCMV titer determination as described in Materials and Methods. Data are presented as in Fig. 3 . For the spleen samples (C), independent, highly sensitive plaque assays for aliquots of these homogenates yielded different results. Black arrows indicate that the viral levels shown were detected in the first assay, while the second assay yielded no detectable virus. The arrowhead indicates that virus was detectable only in the second assay (log 10 titer of 1.70), with five plaques scoring in the assay.
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3T3 cells, as well as the 52-kDa cleavage product of fully glycosylated gB. These results indicate that the gB plasmid expresses the appropriately sized gB-reactive protein species that comigrates with the 128-kDa gB precursor. It has been seen previously that this is the predominant form of MCMV gB that accumulates in cells infected with a gB-expressing recombinant vaccinia virus (50). The 150-kDa fully processed form of gB could be detected in the MCMV-infected NIH 3T3 lane upon longer exposure (data not shown). The immunogenicity of the encoded gB gene product was subsequently tested by i.d. injection of mice with the gB expression plasmid. BALB/c mice were i.d. immunized with 30 g of either vector DNA or the gB pDNA on weeks 0, 1, 2, 6, and 8. Sera collected on weeks 5 and 10 were tested by Western blotting for seroreactivity with MCMV-infected NIH 3T3 cell lysates. As shown in Fig. 5B , sera from the mice immunized with the vector alone did not seroreact with the infected NIH 3T3 proteins. In contrast, two of the three mice tested at week 5 had weakly seroconverted against the 128-and 52-kDa forms of gB, and at week 10, all three mice tested had seroconverted. In addition, two of the three gB pDNA-immunized mice at week 10 produced antisera that could also detect the fully glycosylated 150-kDa product of gB in the infected cells. Taken together, these results show that the gB pDNA expresses the glycosylated 128-kDa gB precursor in infected NIH 3T3 cells and after immunization elicits antibodies that specifically bind to gB species from MCMV-infected cells.
To determine the protective efficacy of a vaccine consisting of IE1, M84, and gB pDNA plus or minus a FI-MCMV boost, BALB/c mice were immunized in three groups as diagrammed in Fig. 6 . The vector group received immunizations with the vaccine vehicles only: three i.d. immunizations with empty vector DNA (pc3⌬neo) followed by two boosts with PBS plus alum i.p. The pDNA-only-immunized group was injected i.d. with the IE1, M84, and gB pDNAs and then boosted with PBS plus alum. Finally, the pDNA-plus-FI-MCMV group received both the IE1, M84, and gB pDNA cocktail i.d. and two i.p. boosts with 10 7 PFU equivalents of FI-MCMV in alum. Eight days after the last i.d. pDNA immunization, mice were sacrificed for quantification of the pDNA-induced CD8 ϩ -T-lymphocyte responses by ICS assay. Sera were taken prior to each boost with FI-MCMV or PBS, at 13 weeks following the second FI-MCMV boost, and last, 1 week prior to challenge. Finally, mice were either i.n. or i.p. challenged 19 or 20 weeks, respectively, after the last FI-MCMV boost, and target organs were harvested and homogenized for MCMV titer determination as described above. CD8 ؉ T responses to IE1 and M84-p65. The three-pDNA cocktail in this experiment was formulated in order to elicit both protective CD8
ϩ -T-cell responses against IE1 and M84-p65 and a neutralizing-antibody response against gB. To document the levels of IE1-and M84-p65-specific CD8 ϩ T lymphocytes elicited by the three-pDNA cocktail, groups of mice were sacrificed 8 days after the last i.d. immunization with either vector (pc3-Ua) or the IE1, M84, or gB pDNA cocktail. Splenocytes were harvested and subjected to ICS assay to quantify the number of CD8 ϩ T lymphocytes that produce IFN-␥ following 7 h of stimulation in vitro. Splenocytes were stimulated with either the IE1-derived nonapeptide 168 YPHFMPTNL 176 or J774A.1 cells infected for 10 h with an M84-expressing vaccinia virus. We have recently shown that stimulation of splenocytes with the M84-expressing J774A.1 macrophages as stimulators results in a higher sensitivity level for detection of M84-specific CD8 ϩ T cells with the ICS assay due to multiple epitopes in M84-p65 contributing to the CD8 ϩ -T-cell response following pDNA immunization or MCMV infection (64). When we measured the IE1-specific CD8
ϩ -T-cell responses in the mice immunized with the three-pDNA cocktail, we found that a mean of 1.6% (range, 0.66 to 2.64%) of the splenic CD8 ϩ T lymphocytes were directed against the IE1 epitope, while the background in the vector control group was 0.21% (range, 0.18 to 0.29%) (Fig. 7) . When CD8 ϩ -T-cell responses against M84-p65 were measured with the mice COS-7 cells were transfected with either the vector DNA (Vect.) or the gB-expressing pDNA (gB), and lysates were made 48 h later. Lysate proteins were resolved on an SDS-7.5% PAGE gel and transferred to nitrocellulose. The blot was incubated with the gB-specific monoclonal antibody 2E8.12A, and bound antibody was detected by enhanced chemiluminescence. The migration of the molecular size standard is shown at left, with sizes from the top of 200, 116, 97, 66.5, and 45 kDa. (B) A lysate from NIH 3T3 cells that were infected with MCMV for 48 h was loaded into the preparative lane of an SDS-10% PAGE gel, resolved with the same molecular weight marker as in (A), and transferred to nitrocellulose. Using a Multiscreen apparatus, the blot was simultaneously incubated with sera from individual BALB/c mice that were i.d. immunized with either vector pDNA (Vector) or the gB plasmid (gB pDNA). Sera obtained either 5 or 10 weeks after the first immunization were tested. primed with the IE1, M84, and gB pDNAs, we found 6.1% (range, 3.89 to 7.32%) of CD8 ϩ T cells were IFN-␥ positive after stimulation with the M84-p65-expressing antigen-presenting cells, while the background level was 0.32% (range, 0.21 to 0.41%) in the splenocytes from vector-only-immunized mice (Fig. 7) . These levels are comparable to those seen previously following coimmunization with IE1 and M84, when IE1-specific CD8
ϩ -T-cell responses of 2 to 4% (65) and M84-p65-specific responses of 4.5 to 5.5% (64) have been demonstrated. In addition, we have recently demonstrated the antigen specificity of J774 cell-based stimulation, since the percentage of IFN-␥-positive splenocytes from mice immunized with M84 pDNA is at background levels (0.12 to 0.20%) after stimulation with J774 cells infected with the parental vaccinia virus (64) . Together, these results confirm that immunization with the gB plasmid included in the IE1 and M84 pDNA cocktail results in the expected levels of CD8 ϩ T responses to the latter two gene products.
Virus-specific serum antibody responses following IE1, M84, and gB pDNA and FI-MCMV immunization. In this experiment we were particularly interested in virus-specific IgG elicited by the gB pDNA prime and its effect on the response to the FI-MCMV boost. In a pilot experiment, BALB/c mice were immunized with the gB plasmid, and gB-specific antibodies were detected using immunoblots of MCMV-infected NIH 3T3 lysates. However, following subsequent i.p. challenge with either of two sublethal doses of SG-MCMV, no significant protection was observed in the spleen or salivary glands (data not shown). In order to quantify the MCMV-specific IgG elicited by the pDNA prime alone or following FI-MCMV boost, sera from the mice immunized with the IE1, M84, and gB pDNAs were collected throughout the experiment and subjected to virion-specific ELISA as described above. Sera collected from the mice 2 weeks after the last injection with the IE1, M84, and gB pDNA cocktail (week 4) had ELISA titers either at (9 of 12 mice) or just above (3 of 12 mice) the detection limit (Fig. 8A) . Six weeks later, mice immunized with the 3 pDNA cocktail and boosted with PBS plus alum had slightly increased virion-specific IgG titers of 10 2.2 (range, 10
2.1 to 10 3.0 ). The IgG that the assay detected is likely gB specific only, since both IE1-pp89 and M84-p65 are nonstructural antigens and we have found that pp89-specific sera does not yield detectable virion-specific ELISA using this assay (data not shown). Compared with the mice immunized with the three pDNAs alone, mice boosted once with FI-MCMV plus alum (Fig. 8A) had mean serum titers of IgG that were higher by 1.5 logs (mean, 10 3.7 ; range, 10 3.6 to 10 4.4 ). Mean titers of IgG in the FI-MCMV boosted group remained stable at 10 3.8 for the next 20 weeks prior to challenge, while the titers in the pDNA- , and gB DNAs. Vector-immunized mice were then i.p. boosted twice with PBS plus alum, while the IE1, M84, and gB pDNA-immunized mice were boosted with either PBS plus alum or 10 7 PFU equivalents of FI-MCMV plus alum. Eight days following the third DNA injection, four mice per group were sacrificed for measurement of MCMV-specific CD8 ϩ T cells by ICS assay. Sera were obtained on the weeks shown for antibody analysis, and mice were then challenged either i.n. or i.p. as shown. Mice were sacrificed postchallenge for virus titer determinations in the spleen, lungs, liver, and salivary glands as well as IgA measurement in the lungs and salivary glands.
FIG. 7. CD8
ϩ -T-cell responses elicited by i.d. immunization with the IE1, M84, and gB pDNA cocktail measured by ICS. Eight days after the last immunization with either vector (pc3⌬neo) pDNA or the IE1, M84, and gB pDNA cocktail, four mice from each group were sacrificed to measure the levels of CD8 ϩ T lymphocytes specific for either IE1 or M84-p65 by ICS assay as described in Materials and Methods. Splenocytes from the immunized mice were stimulated with either the immunodominant IE1 epitope peptide (IE1 peptide) or J774 macrophage cells infected for 10 h with an M84-expressing recombinant vaccinia virus (M84-vacc). The levels of specific CD8 ϩ T cells are shown as the percentages of CD8 ϩ T cells that were IFN-␥ positive in response to stimulation. Bars represent the group means, and closed circles represent the values for individual mice. Note that four mice from each of the two groups immunized with the IE1, M84, and gB pDNAs (plus or minus subsequent FI-MCMV boost) were combined, since both groups had received only the three-pDNA cocktail at the time of analysis.
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only group remained stable at mean levels of 10 1.8 to 10 1.9 . This experiment demonstrated that both the IE1, M84, and gB pDNA prime and FI-MCMV boosts elicited virion-specific IgG but that the maintenance levels of IgG in the pDNAprimed and FI-MCMV-boosted mice were 100-fold higher than the IgG levels in the pDNA primed-only mice.
The virus-neutralizing activity of the sera of these mice was also tested by plaque reduction assay as described above. No neutralization activity was observed in the pc3-U primed and PBS plus alum-boosted mice (Fig. 8B) . Similarly, neutralization activity was undetectable in the pDNA-primed and PBS plus alum-boosted mice on weeks 4 through 24, and two of eight mice on week 30 had a titer of 2 1 (the assay detection limit). Boosting of the IE1, M84, and gB pDNA-primed mice with FI-MCMV elicited virus-neutralizing antibodies that were detectable 4 weeks after the first boost (week 10), with a mean titer of approximately 2 4 (range, 2 3 to 2 5 ) (Fig. 8B) . The neutralization titers in this group continued to increase from weeks 10 to 30 to a mean of 2 6 (range, 2 5 to 2 7 ) at week 30, even though the sera maintained a constant level of virionspecific IgG (Fig. 8B) . Taken together, these data show that while the IE1, M84, and gB pDNA cocktail can elicit virusspecific IgG that maintains a stable level for at least 28 weeks after the last immunization, this response is not significantly neutralizing in vitro compared with the sera from mice subsequently i.p. boosted with FI-MCMV.
Protection from i.n. challenge following IE1, M84, and gB pDNA priming and FI-MCMV boosting. To determine the efficacy of the three-pDNA cocktail prime and FI-MCMV boost in protecting against challenge virus replication, half of the immunized mice were i.n. challenged with 5 ϫ 10 5 PFU of TC-MCMV on week 30 of the experiment, 19 weeks following the last boost with PBS plus alum or FI-MCMV plus alum. The levels of infectious virus were quantified by a sensitive plaque assay on homogenates from the lungs and salivary glands on days 6, 10, 14, 18, 24, and 32 postchallenge and from the liver and spleen on days 6 and 10 postchallenge. In the lungs of the control (pc3⌬neo; PBS plus alum) mice following i.n. challenge, a mean of approximately 10 6 PFU of challenge virus per lungs was detected on day 6 postchallenge, and this level decreased over the next 26 days after challenge to 10 2.2 PFU per lungs on day 32 (Fig. 9A) . The levels of challenge virus in the lungs of the IE1, M84, and gB pDNA-only-immunized mice were decreased from day 6 to day 18 by 4-to 20-fold compared with controls, with the 20-fold decrease on day 18 resulting from the lungs of one mouse with undetectable virus, and then an 8-fold decrease on day 32. In contrast, the mean titer of virus in the lungs of the FI-MCMV-boosted mice on day 6 was 10 2.8 , an approximately 2,000-fold decrease relative to the control group. Titers in the pDNA-and FI-MCMV-immunized group decreased until day 14, when virus was detectable in one of five mice. The titers then slightly increased to a secondary peak of 10 1.5 PFU per lungs on day 24 and were below detection limits in four of four mice on day 32. In the salivary glands following i.n. challenge, viral titers peaked (10 6 PFU per salivary glands) in the control mice on day 14 postchallenge and then decreased to undetectable levels on day 32 (Fig. 9C) . Titers of virus in the salivary glands of the pDNA-only-immunized mice were comparable with those for the control group, with the mean titer decreases of five-and sixfold on days 14 and 18 being within the variability of the pDNA immunization and challenge assay. In the pDNA-primed and FI-MCMVboosted mice, challenge virus was undetectable in the salivary glands of 23 of 29 mice examined, with a single mouse per group having a detectable titer of virus on each of days 10, 14, 18, and 32 and 2 mice having detectable virus on day 24. Similarly, one of five of the pDNA-primed and FI-MCMVboosted mice had virus in the spleen on day 6 with a titer at the detection limit of 10 PFU per spleen, while the pDNA-onlyimmunized mice had variable protection of up to 10-fold in the spleen (Fig. 9D) . Finally, while the titers of virus in the livers of the i.n.-challenged mice in the pDNA-only-immunized group were slightly reduced on days 6 and 10 postchallenge relative to control levels, virus was undetectable (Ͻ30 PFU per liver) in the FI-MCMV-boosted mice on both days of examination (Fig. 9B) .
Protection from i.p. challenge after IE1, M84, and gB pDNA priming and FI-MCMV boosting. The other half of the IE1, Fig. 6 , four to eight mice per vaccine group were retroorbitally bled and sera were prepared. Arrows and numbers indicate the week numbers when the boosts with either PBS plus alum or FI-MCMV plus alum were given. (A) The levels of virion-specific serum IgG were measured by ELISA as described in Materials and Methods. Titers were calculated and displayed as described in the legend to Fig. 2. (B) Virus neutralization antibody levels in the sera were measured as described in Materials in Methods, and neutralization titers are shown as in Fig. 2 .
M84
, and gB pDNA-primed and FI-MCMV-boosted mice were sublethally i.p. challenged with 4 ϫ 10 5 PFU of SG-MCMV on week 31 of the experiment, 20 weeks after the last PBS or FI-MCMV boost. The resulting levels of protection against viral replication in the lungs, liver, salivary glands, and spleen are shown in Fig. 10 . In the lungs of the control mice, a mean of approximately 10 3 PFU per lungs of challenge virus was observed on days 6 and 10 postchallenge, and this level decreased to approximately 10 2 PFU per lungs on day 18 (Fig.  10A) . Titers of virus in the pDNA-only-immunized mice were reduced by 4-fold (day 6) to 40-fold (day 14), with 7 of 10 mice on days 14 and 18 postchallenge having undetectable virus. Similarly, in the liver, while challenge virus persisted in the control group at mean levels of approximately 10 3 to 10 3.7 PFU per liver through day 18 postchallenge, for mice in the pDNAonly group, titers of virus were reduced by only 3-and 5.9-fold on days 6 and 10, respectively, and then 14-and more than 47-fold on days 14 and 18, respectively (Fig. 10B) . In the spleen, while a 200-fold reduction in titers of virus was observed for the pDNA-only-immunized mice on day 6 postchallenge, no virus was detectable in the spleen of five of five mice on day 10 (Fig. 10D) . Finally, in the salivary glands of the mice of the pDNA-only-immunized mice, while titers of virus were initially similar on day 6 to those in the control group, thereafter there was a trend of three-to sevenfold-reduced mean titers, with the titers on day 18 being highly variable in the pDNA-only group (Fig. 10C) . The most striking result was that virus was undetectable in the lungs, liver, spleen, and salivary glands of all 20 of the 20 mice immunized with both the IE1, M84, and gB pDNA and FI-MCMV (Fig. 10) . Taken together, these results demonstrate that for mice i.d. primed with a pDNA cocktail consisting of IE1, M84, and gB DNAs and i.p. boosted with FI-MCMV, the replication of challenge virus administered i.n. was reduced by 2.5 to 3 logs in the lungs during the peak times of viral replication relative that for the control mice. Additionally, in the liver, spleen, and salivary glands, viral replication was reduced to below detectable levels in the majority of the mice tested. Following i.p. challenge, all of the mice that were primed with the three MCMV pDNAs and boosted with FI-MCMV were completely protected from detectable virus in all four organs tested.
IgA responses in the lungs and salivary glands following i.n. challenge. Because of the importance of IgA in providing a first line of defense against the invasion of pathogens through mucosal surfaces, we sought to examine the IgA responses in two IgA-producing mucosal organs, the lungs and salivary glands, in the immunized mice following i.n. MCMV challenge. Specific IgA has been shown to be detectable in bronchoalveolar lavage fluid in mouse models of vaccination and infection, and B cells in the salivary glands secrete IgA that is detectable in whole or parotid saliva (29, 30, 43, 57, 62) . To this end, the postchallenge lung and salivary gland homogenates that were FIG. 9 . Protection against viral replication in the target organs of vaccinated mice following i.n. MCMV challenge. On the days post-i.n. challenge shown, four to five mice per vaccine group (as described in the legend to Fig. 6 ) were sacrificed, and the (A) lungs, (B) liver, (C) salivary glands, and (D) spleen were aseptically removed, homogenized, and stored for MCMV titer determination on NIH 3T3 cells as described in Materials and Methods. MCMV titers were calculated and are displayed as described in the legend to Fig. 3 .
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IMMUNIZATION AGAINST MUCOSAL MCMV CHALLENGE 169 subjected to titer determination for infectious challenge virus were subjected to ELISA, using the partially purified virion as the target antigen and an IgA ␣-chain-specific secondary antibody conjugate. Two-or threefold dilutions of individual homogenates were adsorbed to virion bound to ELISA plates, and the titer of IgA was defined as the reciprocal dilution that produced an A 405 greater than or equal to twice the background absorbance (see Materials and Methods). Control experiments demonstrated that virion-specific serum IgG was not detected in this assay (data not shown). In addition, the lung homogenates from naive mice yielded no detectable virionspecific IgA in this assay (Fig. 11A) . Beginning on day 6 posti.n. challenge, three of four of the control mice had levels of virus-specific IgA at the detection limit (Fig. 11A) . By day 14 postchallenge, five of five mice tested had detectable virusspecific IgA with a mean titer of 10 1.7 . This level was stably maintained at levels from 10 1.6 to 10 2.1 through day 32 postchallenge. In the IE1, M84, and gB pDNA-only-immunized mice, while IgA titers were similar to those for the controls on day 6 postchallenge, titers rapidly increased to a mean of 10 1.6 on day 10 and 10 2.5 on day 14 postchallenge, with peak titers of 10 3 observed on day 14 (Fig. 11A) . The IgA titers in the pDNA-only group remained at 10 2.0 to 10 2.4 through day 24 before decreasing to 10 1.7 on day 32. IgA titers were detectable in five of five mice that were primed with the IE1, M84, and gB pDNAs and boosted with FI-MCMV as early as day 6 postchallenge (mean, 10
1.6 ), a time in which IgA titers in the majority of mice in the control and pDNA-only groups were at or below the detection limit. By day 10 postchallenge, titers of IgA in the pDNA-primed and FI-MCMV-boosted mice slightly increased to a mean of 10 2.1 and remained stable thereafter at levels between 10 2.0 and 10 2.4 . These results show that following i.n. MCMV challenge, virion-specific IgA was detectable by ELISA in all of the vector control mice by day 14, in the pDNA-only-immunized mice by day 10, and in the pDNA and FI-MCMV-immunized mice as early as day 6. While the kinetics of IgA induction were more rapid in the mice immunized with pDNA with or without FI-MCMV, peak levels were only slightly increased relative to those for the control mice.
The virion-specific IgA levels in the salivary gland homogenates were also quantified by ELISA. In the salivary glands of the control group mice, virion-specific IgA titers above background levels were observed in four of four mice by day 18 post-i.n. challenge; the mean titer was approximately 10, with the titer of IgA for one mouse at the detection limit (Fig. 11B) . The mean titer of IgA in the control group increased sharply on day 24 postchallenge to 10 2.5 , and this level remained stable through day 32. The salivary glands of the pDNA-only-immunized mice had titers of IgA similar to those for the controls through the time course, with a trend towards higher titers in the pDNA-only-immunized mice on days 14 and 18 postchallenge. While a mean IgA titer of 10 1.1 was observed in the salivary glands of the pDNA-primed and FI-MCMV-boosted mice as early as day 6 postchallenge, the mean titer of IgA in this group decreased to a level at or below the detection limit from day 14 to day 24, with only one mouse per group having significant IgA levels of Ն10 (Fig. 11B) . On day 32 postchallenge, variable titers of virion-specific IgA were observed, with a mean of 10 0.9 (one mouse was at and one mouse was below the detection limit). Taken together, these results show that the virion-specific IgA titers increase in the salivary glands of vector alone-immunized and pDNA alone-immunized mice to a peak by day 24 post-i.n. MCMV challenge. In contrast, in the salivary glands of the mice that were primed with the pDNA and boosted with FI-MCMV, there are increased levels of IgA soon after challenge, but that IgA is detectable only spuriously thereafter at levels that are consistently lower than in the vector and pDNA-only groups.
DISCUSSION
We previously demonstrated that parenteral priming of mice with a pDNA cocktail and boosting with FI-MCMV plus alum could provide complete protection against detectable MCMV replication in the spleen and salivary glands when mice were sublethally i.p. challenged 8 weeks after the last FI-MCMV boost (46) . In this report, we confirmed this result with two independent experiments as well as extending our findings to a mucosal challenge model. While the mice immunized with the All-U pDNA pool and FI-MCMV were completely protected in the spleen, liver, and lungs following i.p. challenge (Fig. 3 ), there was low-level replication in the salivary glands of four of the i.p. challenged mice, and there were titers above 10 2.5 PFU for two other mice. In contrast, no infectious virus was detected in 20 of 20 of the mice that were primed with the IE1, M84, and gB pDNAs and boosted with FI-MCMV (Fig. 10) . It is possible that the minor differences in immunization and challenge schedules may have contributed to the presence of challenge virus in some of the mice. In both experiments, it appears that although the virion-specific IgG and neutralizingantibody titers were close to the peak levels the week before each of the challenges, the mean neutralization titer for the All-U pDNA primed/FI-MCMV boosted mice was twofold lower than that for the IE1, M84, and gB pDNA-primed/FI- FIG. 11 . Levels of virion-specific IgA in the lungs and salivary glands of the vaccinated mice following i.n. challenge. (A) Lung and (B) salivary gland homogenates were diluted, and the virion-specific IgA titers were determined by ELISA with plates coated with partially purified MCMV and a mouse ␣-chain-specific-alkaline phosphatase conjugate as described in Materials and Methods. As controls, the homogenates of the lungs and salivary glands of two naive mice were also tested. The limit of assay sensitivity is shown by the solid horizontal line and arrow. ELISA titers below the detection limit were treated as described in the legend to Fig. 2 MCMV-boosted mice at the time of challenge. Although it is possible that the priming with gB pDNA provided slightly higher levels of antibody prior to challenge, the twofold difference was observed between different immunization experiments and is within the mouse-to-mouse variance. Experiments are in progress to better define the priming effect of the gB pDNA. Differences in the actual dose of challenge virus delivered may also affect whether challenge virus is detectable in the target organs. Because virus was detectable in the salivary glands but not in the other organs of the All-U/FI-MCMV-immunized mice, it is possible that either low levels of viral replication were occurring at another site before seeding of the salivary gland or that some of the initial input virus was able to disseminate to the salivary glands. Figure 3D shows that titers of virus in the salivary glands of the All-U pDNA and FI-MCMV-immunized mice peaked on day 14 compared with day 10 for the controls. In any case, the strong potential of the virus to replicate in the salivary glands makes this organ a key indicator for detecting a very low level of challenge virus that is able to elude the vaccine-induced immunity and reach an important organ for horizontal dissemination. Finally, we cannot exclude the presence of infectious virus in these target organs at levels below the detection limit. The fate of the challenge virus administered i.n. into the pDNA-primed/FI-MCMV-boosted mice is perhaps more readily observable in these experiments. While titers of virus in the lungs of these mice are greatly reduced compared with those for the mock-immunized controls, it is apparent that the challenge virus is still able to replicate at the initial portal of entry. Of note, pilot i.n. infection experiments showed that virus was not detectable in the lungs of mice 1 day following the i.n. administration of the same dose of virus showed here (data not shown), suggesting that the virus detected in the lungs of the pDNA/FI-MCMV-immunized mice resulted from newly replicated virus. While the initial reduction of titers of virus to levels at or below the detection limits in the lungs of the pDNA/FI-MCMV-immunized mice was observed on day 14 for both immunization experiments, there appeared to be an increase in titers of virus thereafter. However, as shown in the second experiment in which the time course was extended, the secondary peak of viral replication occurred on day 24 post-i.n. challenge, and virus was then undetectable by day 32. These results indicate that the virus did not likely continue to replicate in the lungs of the immunized mice, as was the case with the controls (Fig. 9A) . While peak titers of approximately 10 3 PFU were observed in the lungs of the IE1, M84, and gB pDNA/FI-MCMV-immunized mice on day 6 post-i.n. challenge, virus in the liver, spleen, and salivary glands of these mice was undetectable in the majority of mice, with the levels of virus in the salivary glands only at the detection limit in many of the mice with breakthrough virus. This trend suggests that the viral replication occurring in the lungs of these mice did not result in high levels of spread to or poorly controlled replication in the secondary organs following i.n. challenge. This observation may reflect the presence of a suboptimal level of mucosal immunity at the portal of entry but high levels of systemic immunity induced by the parenterally administered vaccine. While it is possible that there was significant immunity in the lungs of the pDNA/FI-MCMV-immunized mice that was overwhelmed by such a high-challenge dose, we found after i.n. challenge of these mice with a 50-fold-lower challenge dose that viral replication still resulted in detectable virus in the lungs on day 6 to day 14 postchallenge (data not shown). Experiments in progress are aimed at improving the levels of protection in the lungs through the mucosal administration of the pDNAs and/or the FI-MCMV.
A caveat that is always relevant in experiments measuring protection and immunity is the correlation of the types and levels of immune responses with the protection observed. In the second pDNA priming/FI-MCMV boosting experiment presented here, we immunized a group of mice only with the three-pDNA cocktail to assess the levels of protection if the pDNA alone is given. Following i.p. challenge, the clearance of infectious virus from the lungs of these mice was more rapid than in controls, with no detectable virus in 7 of 10 pDNAonly-immunized mice on days 14 and 18 postchallenge. Holtappels et al. showed that the clearance of MCMV in the lungs following subcutaneous infection correlated with the infiltration of CD8 ϩ T cells. Moreover, these CD8 ϩ T cells not only were cytolytically active ex vivo without the need for secondary restimulation in vitro but also lysed syngeneic target cells that were either pulsed with the IE1-pp89 peptide or MCMV infected under conditions in which either IE, E, or L proteins were expressed (23) . Thus, it may be possible that the IE1-or M84-p65-specific CD8 ϩ T cells elicited by the i.d. pDNA immunization provided some or all of the protection observed in the three-pDNA-only-immunized mice, as well as some in the three-pDNA-primed/FI-MCMV-boosted mice, following i.p. challenge. In addition, although MCMV gB has not been demonstrated to contain CD8 ϩ -T-cell epitopes, it is possible that the gB pDNA elicited a gB-specific CD8
ϩ -T-cell response. Similarly, titers of virus in the lungs of the three-pDNA-immunized mice were reduced approximately 10-fold relative to controls on each of the days examined after i.n. challenge. We showed previously that pDNA immunization with IE1 and M84 is highly protective in the spleen but only nominally protective in the salivary glands, and we found in this experiment that the pDNA alone has a modest protective effect in the liver, particularly at day 14 postchallenge and later ( Fig. 9 and 10 ). Adoptive transfer of CTL lines specific for M83, M84, or IE1 has been shown to reduce MCMV titers in the liver (as well as lungs and spleen) of gamma-irradiated BALB/c recipients on day 12 postinfection (24, 27) , demonstrating the ability of stimulated MCMV-specific CD8 ϩ T cells to confer protection in these organs.
In the second immunization experiment, we found that immunization with the gB pDNA as part of the three-pDNA cocktail elicited stable levels of virion-specific serum IgG but did not generate detectable neutralizing antibodies. This was despite the construct encoding the gB ORF of strain K181 expressing the appropriately sized precursor protein following transfection of COS7 cells and eliciting IgG specific for the various gB species in MCMV-infected NIH 3T3 cells (Fig. 5) . In addition, this same gB gene delivered to mice via recombinant vaccinia virus (data not shown) and replication-deficient adenovirus (57) was found to elicit protection against subsequent MCMV challenge. The simplest explanation for the lack of neutralizing antibodies after gB pDNA immunization is that the expression levels following i.d. injection were insufficient to elicit high enough levels of antibodies to show neutralization activity in vitro. Of note, the mean levels of virion-specific IgG were consistently 100-fold lower for the mice that were primed only with the IE1, M84, and gB pDNAs than for their FI-MCMV-boosted counterparts for the 7 to 8 weeks prior to challenge (Fig. 8A) . However, in the latter case, antibodies against neutralizing-antibody targets of the virion other than gB, such as gH (38, 49) , and seroreactive, nonenvelope antigens, such as M83, were likely present in the serum as well. Work is in progress that uses a gB-specific ELISA to compare the relative levels of gB-specific IgG following immunization with either gB pDNA or FI-MCMV. Alternatively, gB protein expressed by the gB pDNA in vivo may not undergo the posttranslational modifications, such as glycosylation, cleavage, or disulfide linkage, necessary for the generation of the neutralizing epitope(s) of gB. We have found that sera from mice immunized with the gB pDNA often react poorly if at all to the gp105 species of the cleaved, mature gB (Fig. 5B and data not shown) that appears on the surface of the mature virion (37) . It has been reported that this species may contain at least one neutralizing-antibody epitope as assayed with sera from mice immunized with bacterially expressed gB fragments (63) .
Surprisingly, we found that parenteral administration of the IE1, M84, and gB pDNAs and FI-MCMV resulted in the priming of B cells to secrete IgA in the lungs. Virion-specific IgA was found in the lungs by day 6 post-i.n. challenge in the pDNA-primed/FI-MCMV-boosted mice and in the pDNAprimed mice by day 10 in four of five mice. Although the organs used for IgA analysis, the lungs and salivary glands, were not perfused prior to homogenization, IgA-specific ELISAs of the sera of these mice showed that the blood did not contain detectable virion-specific IgA (data not shown). Thus, we conclude that the IgA was present in the parenchyma and not the circulating blood. In the salivary glands, while virionspecific IgA was present in the pDNA-primed/FI-MCMVboosted mice on day 6 post-i.n. challenge, significant IgA levels were only spuriously observed throughout the rest of the course of challenge (Fig. 11B) . This is in contrast to the IgA induction kinetics observed in the pDNA primed-only mice and in the mock-immunized controls. In these cases, similar levels of virion-specific IgA were induced by day 18 postchallenge, and a stable peak was observed by day 24. The immunological basis for the discrepancy between the induction of IgA in the salivary glands of the vector and pDNA-only groups versus the pDNA/FI-MCMV group is not yet known. It may be that the absence of sustained viral antigen in the salivary glands of the pDNA/FI-MCMV group prevented the adequate stimulation of IgA-secreting B cells. As seen from the viral titer data in Fig. 9 , infectious virus was consistently present in the lungs of the pDNA/FI-MCMV mice through day 10 postchallenge but only spuriously in the salivary glands of this group throughout the 32 days postchallenge examined. Another explanation for the reduced IgA levels detected in the salivary glands of the pDNA-primed/FI-MCMV-boosted mice may be that IgA bound to viral antigens was rapidly cleared from this organ by macrophage or dendritic cell phagocytosis and subsequent endosomal proteolysis. The kinetics of this clearance may be different from that in the lungs, since both infectious virus and virus-specific IgA were simultaneously detected in the lungs following i.n. challenge ( Fig. 9A and 11A) , and the levels of unbound IgA in the salivary glands may not reflect the role, if any, that IgA plays in the control of virus in this organ. Quantification of the IgA-secreting B cells in the lungs and salivary glands before and after challenge may be helpful in determining the relative rates of IgA secretion in these organs. In progress are studies to measure the levels of lung and salivary gland IgA that are elicited by the priming-boosting vaccination alone and to determine whether restimulation by challenge virus is necessary for the detection of antiviral IgA.
Western blot analysis of the day 24 post-i.n. challenge IgA in lungs demonstrated that IgAs specific for the pp89 and pp76 forms of IE1 and possibly the gp128 and gp52 forms of gB were primed by the IE1, M84, and gB pDNA cocktail (data not shown). We also noted that lung IgA from the pDNA/FI-MCMV-immunized mice seroreacted with additional antigens in the MCMV-infected NIH 3T3 cells. By day 24 postchallenge, the lungs of the mice in the vector group also had IgA specific for IE1-pp89, although the possible protective ability of the IE1 antibody is not clear. It has been documented that IgA monoclonal antibodies that transcytose through epithelial cells in vitro can bind to intracellular viral antigens, interfering with viral replication, assembly, or egress. In addition, in a mouse model of rotavirus infection, a nonneutralizing IgA monoclonal antibody specific for the inner core protein VP6 was able to prevent primary infection and to resolve a chronic infection (8) . It was subsequently found that within epithelial cells, this IgA could bind to VP6 trimer and render it transcriptionally inactive (16) . Thus, it is possible that pp89-specific IgA could play a role in the protection against MCMV replication in mucosal epithelia. Notably, passive transfer of MCMV-specific monoclonal antibodies that were nonneutralizing in vitro have been shown to be protective against lethal i.p. challenge (15) .
Heterologous priming-boosting strategies are rapidly emerging as an effective means for the vaccination against such pathogens as human immunodeficiency virus, herpes simplex virus, hepatitis viruses B and C, Mycobacterium tuberculosis, and the malaria-causing Plasmodium parasites, with clinical trials already under way in some cases (for review, see reference 61). One particular strategy, priming with pDNA followed by boosting with a subunit or replication-defective viral vector vaccines, has been shown to elicit synergistic levels of T-cell and antibody immunity against intracellular pathogens, which is not observed with repeated boosts with the same antigen delivery system. While the mechanisms underlying this synergism following priming and boosting are not yet fully understood, increases in T-cell number and avidity have been observed in mice, and both CD4 ϩ -and CD8 ϩ -T-responses were observed in human subjects after delivery of the antigen by pDNA followed by recombinant vaccinia virus (14, 40) . Coupled with their ability to generate high levels of protective antibodies, heterologous priming-boosting vaccination may provide the long-awaited tool for vaccination against pathogens recalcitrant to control by use of the traditional vaccination strategies.
